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Abstract 
 
Since the very first organic photovoltaic device was reported by the 
Tang group (1986), these devices have been subject of intensive 
investigation. From the late 1980s to early 90s, research started to 
gain momentum and two major classes of organic photovoltaic 
devices, namely polymeric and titanium dioxide film based solar 
cells, emerged.  Later on in the mid-90s, polymeric solar cells came to 
be known as bulk–heterojunction (BHJ) solar cells and titanium 
dioxide film based solar cells came to be known as dye–sensitized 
solar cells (DSSCs). Both types of devices include organic materials 
and over time, a variety of materials have been used. Some examples 
include the use of polymeric entities, metal complexes and small 
molecular chromophores. 
For the fabrication of both types of solar cells, organic materials and 
common organic solvents are used. The following material properties 
are vital for the optimal performance of organic solar cells: 
• Light harvesting ability 
• Narrow optical band-gap 
• Solution processability of organic materials from common 
organic solvents such as chloroform, chlorobenzene and 
acetonitrile 
• Stability of organic materials 
  
x 
 
For investigating the above mentioned material properties, a 
systematic study of newly designed BHJ materials, with tuned 
optoelectronics properties, has been carried out in this work. The 
investigated materials are based on a variety of structural modules, 
such as donor-acceptor-donor (D-A-D), acceptor-donor-acceptor (A-
D-A) and A-A-A. The materials have been designed, synthesized, 
fully characterized and applied in organic BHJ devices. 
 
A solution-processable non-fullerene electron acceptor (coded as 
DPP1, based on fluorene and diketopyrrolopyrrole building blocks) 
was designed, synthesized and fully characterized. DPP1 revealed 
excellent solubility and high thermal stability, which are vital for easy 
processing. Upon using DPP1 as an acceptor, along with the classical 
electron donor polymer poly (3-hexylthiophene), solution processable 
BHJ solar cells afforded a high open-circuit voltage of ~ 1.1 V. This 
is one of the highest values reported in the literature for a solution-
processable BHJ device using a combination of fluorene and 
diketopyrrolopyrrole functionalities. 
 
Similarly, a combination of naphthalene diimide (NDI) and 
diketopyrrolopyrrole (DPP) accepting units was employed to generate 
a non-fullerene electron acceptor (coded as HP1). NDI is a potential 
electron deficient fragment and has interesting physical and electronic 
properties. On the other hand, DPP also is an electron deficient unit 
and has proved to be an effective addition when placed at the 
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peripheries of a non-fullerene chromophore. These reasons 
encouraged the design of conjoint use of NDI and DPP 
functionalities, generating a target non-fullerene chromophore that 
will be highly soluble in common organic solvents, will exert 
excellent light harvesting properties and will be thermally stable. HP1 
was produced, where NDI was chosen as the central core with DPP as 
terminal units. HP1 was synthesized in good yields and was applied 
in solution-processable BHJ devices, along with the classic electron 
donor poly (3-hexythiophene) (P3HT). HP1 exhibited excellent 
thermal stability, broad absorption and appropriate energy levels 
matching with those of P3HT. HP1 showed good BHJ performance 
and a high open circuit voltage of >1 V when tested in solution-
processable devices. 
 
Even though the advancement of non-fullerene acceptors is 
noteworthy, incentives remain to develop materials which will not 
only fill in the gap for fullerenes but will also have improved 
characteristics such as solubility and matching energy levels with 
donors. One strategy to design such materials is the conjoint use of 
donor and acceptor functionalities, which can be arranged in a 
meaningful manner to generate an elongated conjugate system.  A 
novel, solution-processable non-fullerene electron acceptor, 2,2'-
(((5,5-dioctyl-5H-dibenzo[b,d]silole-3,7-diyl)bis(thiophene-5,2-
diyl))bis(methanylylidene))bis(1H-indene-1,3(2H)-dione) (coded as 
N5) comprised of dibenzosilole and 1,3-indanedione building blocks 
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was designed, synthesized and fully characterized. N5 revealed 
excellent solubility in various organic solvents and high thermal 
stability, both of which are crucial for easy processing. N5 had energy 
levels matching with those of standard donor poly(3-hexylthiophene). 
Solution-processable bulk-heterojunction cells were made using N5 
and the conventional donor polymer poly(3-hexylthiophene). The 
target material N5 showed very good BHJ performance when tested 
in solution-processable devices without any additional additives. 
 
Design and development of new chromophores based on the D-A-D 
module was also carried out and the materials synthesised were tested 
as donors in the inverted BHJ device architecture. NDI was chosen as 
the central acceptor as it proved to exert good electronic properties 
while designing HP1. Moreover, an advantage of the NDI acceptor 
unit is its amenability to incorporate alkyl chains on the nitrogen 
atoms. Such lypophilic chains can enhance the solubility of target 
materials and can help in film formation without crystallization. To 
generate new push-pull chromophores, NDI was used in conjunction 
with two different donating units, triphenylamine (TPA) and 
benzothiophene (BT), and the performance of target materials was 
compared. New materials were coded as S6 and S7 and it was the first 
recorded attempt in which such donating units were used with NDI to 
generate target chromophores based on the D-A-D module. S6 and S7 
were used in solution-processable inverted BHJ devices. 
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Furthermore, two novel solution processable small organic molecules 
based on the D-A-D module were successfully designed, synthesized 
and characterized. A common electron accepting moiety, isoindigo, 
along with different electron donating functionalities, triphenylamine 
and carbazole, was used in both the target materials, S10 and S11. 
S10 and S11 were compared in terms of their optoelectronic 
properties. On comparing the carbazole analogue with the 
triphenylamine (TPA) analogue, TPA analogue gave an enhanced 
intramolecular charge transfer transition and reduction of optical band 
gap. Both of the target materials were designed as donors, exerted 
excellent solubility in common organic solvents, displayed good 
thermal stability and displayed promising optoelectronics properties. 
Such parameters allowed the measurement of their charge-carrier 
motilities using solution-processable organic field effective 
transistors. Both the target materials showed promising hole and 
electron mobilities. 
 
 
Overall, this study provided an examination of the effect of changing 
the donor, π-bridge and acceptor part of the D-A-D and A-D-A 
modular materials for BHJ solar cells.  
 
To my knowledge, the materials reported herein are the first examples 
in the literature where synchronous use of such building blocks is 
demonstrated, in order to design an efficient non-fullerene acceptor. 
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Chapter 7 
7.1 Fig. 1 Operational depiction of a heterojunction solar cell: (a) the 
energy diagram of a heterojunction solar cell with an exciton 
generation in the electron donor (polymeric entity or small molecular 
solid) phase; (b) BHJ device architecture in which active layers are 
spin-casted from a blend solution of donor and an electron acceptor 
material and form a bi-continuous interpenetrating network. Till date, 
this is the most successful architecture for the development of OPV 
solar cells. 
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                                       1. Introduction 
 
 
1.1 Renewable energy and Usage 
 
The conversion of solar into electrical energy is one of the most 
important areas of scientific research, driven by constantly growing 
human energy demands. Some of the most challenging targets for 
chemists are the design of efficient, viable, environmentally 
sustainable artificial photosynthetic systems that resemble the 
concepts of nature.  
The energy usage is rapidly increasing in proportion to growing 
modern industries. The word energy in this context means 
consumable “energy resources”, the development of which has 
become a prerequisite for sustaining society. This increase in demand 
for energy resources has led to serious consequences, including 
deforestation and global warming. It is presumed that the planet will 
get warmer by 1 to 5 oC during the 21st century1,2 and the estimated 
carbon dioxide (CO2) concentration in the 22nd century would be 
sufficient enough for irreversible climate and nature changes3,4. Thus, 
there is an urgent need to explore new energy resources that are not 
reliant on the burning of fossil fuels. 
Now days, the production and usage of fossil fuels such as coal, oil 
and gas give rise to a mass of environmental problems in addition to 
declining stocks. Approximately 80% of the energy supply worldwide 
is based on fossil fuels.5 A major fossil fuel is coal and according to 
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the World Coal Institute, it only provides approximately one third of 
the global energy needs and 42% of the world’s electricity.6 At the 
current rate of consumption of coal, these non-renewable energy 
resources won’t last for much longer. The second leading fuel, oil, 
will only last for another 52 years.7 This means that the level of our 
usable energy resources is on the decline and there is a need to 
develop renewable energy sources.8,9 
 
In recent years, global energy consumption has been increasing, and 
sustainable alternatives are being sought, such as geothermal power, 
wind power and tidal power. Renewable energy sources are one of the 
most important components of the global new strategy which is 
environmentally friendly and can be directly converted to 
electricity.10,11 The 89 petawatts (1petawatt = 1015 watts) that falls on 
the planet’s surface would provide enough energy every hour to 
supply mankind’s energy demands for a year.12,13 It is not possible to 
harness all, or even most of this solar radiation, but capturing less 
than 0.02% would be enough to meet the world’s current energy 
needs. Solar power is therefore clearly the dominant solution in terms 
of humanity’s energy needs. After 2030, it is expected that 
photovoltaic energy will become a significant part of the total energy 
generation and by 2050, it will supply 20 to 30% of the electrical 
demand. 
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Figure 1.1. The model illustration of “Earth Radiation Budget 
Experiment” program.14 
 
Gaining power from the sun is not only using photovoltaic (PV) cells 
to convert sunlight to electricity but also generating solar thermal 
systems, using mirrors to focus the Sun’s heat to heat-up a working 
fluid that in turns drives a turbine. This solar technology includes the 
environmental and commercial advantages of noise and pollution free, 
non-toxic solar panels, no greenhouse gas emission, very little 
maintenance and grid independence. Also, the practical potential of 
solar electricity makes it attractive for large-scale utilization. 
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1.2 Photovoltaic solar cells 
The photovoltaic (PV) effect is the creation of voltage or electric 
current in a material upon exposure to light. In 1839, French physicist 
Becquerel observed the photovoltaic effect while studying 
electrolytes.15 Following in 1954, Chapin et al. reported the first 
photovoltaic with a high conversion efficiency of (approximately 
6%).16 These are considered to be the first generation PV solar cells. 
PV technology has gained momentum over time and is currently 
dominated by wafer-size single junction solar cells based on 
crystalline silicon that are assembled into a large module. Other 
semiconductor materials are under investigation for their low-cost. 
Inorganic semiconductor materials (thin films)17,18 are more absorbing 
than crystalline silicon and can be processed directly onto large green 
area substrates, which are second-generation PV technologies, for 
example: 
• Amorphous semiconductors such as cadmium sulphide (CdS) or 
cadmium telluride (CdTe). 
• Chalcogenides such as copper indium selenide (CIS), or copper 
indium gallium selenide (CIGS).19 
 
However, the second-generation PV cells remain a challenge in their 
controlled manufacturing and for their commercial applications.  
 
In 1980, the Tang group developed the first single heterojunction 
organic PV cells and reported a power conversion efficiency of about 
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1%.20 This work represents a major milestone for the development of 
organic based semiconductor PV devices. These cells are considered 
third generation PV technologies. To improve the power conversion 
efficiency, there is a need for further development  
 
1.3 Organic Photovoltaic solar cells 
Recently organic photovoltaic (OPV) solar cells merge into the 
research field, which is defined as those which include at least one 
organic material, such as small organic molecule or polymer during 
their fabrication. These can be further classified into two categories: 
 
1.  Bulk heterojunction solar cells 
2.  Dye sensitised solar cells 
 
In the field of photovoltaics, organic solar cells have some fascinating 
features make them a unique alternative energy source. Organic solar 
cells in this form have the inherent advantages of being solution-
processable, mechanically flexible and possessing versatility in their 
chemical structures, from advances in organic chemistry, which make 
them a promising substitute to conventional first-generation silicon- 
based solar cells.21,22 Notably, the absorbance coefficients of organic 
materials are larger compared to the indirect band-gap of silicon. 
Furthermore, organic cells can be made on plastic substrates utilizing 
their mechanical flexibility and have the potential of making fully 
flexible electronic devices for real world applications in the future. 
6 
 
However, their commercial feasibility and production is a big 
challenge for researchers and industry. The major current 
disadvantage is their decreased stability and moderate efficiency 
compared to the conventional silicon- based solar cells. There are 
comprehensive efforts to solve these issues with the development of 
OPV solar cells and we can expect the commercialisation of OPV 
solar cells in the near future. The present work mainly focused on the 
synthesis and utilisation of donor-acceptor organic dyes for bulk-
heterojunction solar cells.  
 
1.4 Bulk Heterojunction Solar cells 
 
A large degree of variation is possible within organic solar cell 
composition. In this section, bulk heterojunction (BHJ) organic solar 
cells are described in depth. BHJ solar cells are also referred to 
polymeric23 or plastic solar cells.24 One of the main components of 
this type of solar cell is a polymeric material that acts as an electron 
donor. There is current interest in the use small molecules as electron 
donors in BHJ applications, due to their ease of synthesis and 
purification, and are amenable to fabrication. Thus, my PhD thesis 
research work focused on the synthesis of small organic molecule 
based dyes for BHJ solar cells.  
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1.5 Working principle of bulk –heterojunction solar cells  
 
The basic operational principle of a bilayer heterojunction and bulk-
heterojunction solar cell is illustrated in the Figure 1.2 and detailed in 
the following subsections (1.5.1-1.5.4).  
 
 
Figure 1.2. Illustrated basic operation principle of (a) bilayer 
heterojunction (b) BHJ and (c) device working principle from light 
absorption to charge collection.25,26 
 
A BHJ in which one of the electrodes must be semi-transparent 
(typically glass coated with conducting material indium tin oxide 
(ITO)), but a thin organic material layer can also be used as shown in 
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Figure 1.2a. The most common electron acceptor (typically C60 or its 
derivative) which layered on the substrate followed by photo-
absorbing layer of the poly(3-hexylthiophene) (P3HT) on the top. 
This is the simplest device that promotes the exciton separation and is 
a planar heterojunction sandwiched between two different electrodes, 
such as tin indium oxide (ITO), coated with PEDOT:PSS or 
fluorinated tin oxide (FTO) and a reflecting metal, which is usually 
aluminium, calcium or silver. 
 
On the other hand, in BHJ device architecture the active layers are an 
intimate mixture of donor and acceptor materials, and can therefore 
notably increase the interface between donor and acceptor (Figure 
1.2b). This is very commonly used for the successful architecture of   
polymeric solar cells. In which is the most successful device 
architecture for polymeric photovoltaic solar cells are the BHJ cells. 
In this device architecture, donor and acceptor materials form a 
continuous interpenetrating network. These types of devices include 
an active layer, which is spin casted from a solution of donor and 
acceptor materials. For fabrication of these devices, common organic 
solvents such as chlorobenzene, dichloromethane, chloroform and 
toluene are used to deposit active layer of donor and acceptor 
molecules on to surface of the conducting metal oxide.  
 
A BHJ solar cell consists of a four step working mechanism, in which 
first is exciton creation, followed by exciton diffusion then charge 
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carrier dissociation and finally charge collection as illustrated in 
Figure 1.2c.25,26 The following four subsections (1.5.1-1.5.4) describe 
the mechanism in detail (Figure 1.2a-c). 
 
1.5.1 Exciton creation: At the maximum of the absorption spectrum, 
the conjugate polymer absorbs light very efficiently due to its high 
absorption coefficient (105 cm-1). Hence only a few nanometers of the 
photoactive layer are required to absorb all the light at the absorption 
maximum. An electron is excited from the ground state to the excited 
state, leaving a hole with the opposite electric charge, forming an 
electron-hole pair which it is attracted by Coulombic force, also called 
exciton.  
 
1.5.2 Exciton Diffusion: Within the conjugated polymer, the exciton 
has a relatively high binding energy (0.2-0.4V), because of the low 
relative di-electric constant. In organic solar cells, an efficient 
electron acceptor is used to dissociate the strongly bounded exciton 
into free charge carriers. The interface of acceptor and donor exciton 
has to diffuse before it gets decomposed. In a conjugate polymer, the 
exciton diffusion length is only 5-10 nm. Photons can be absorbed 
within this exciton diffusion range at the interface, contributing to the 
device power conversion efficiency (PCE).   
 
1.5.3 Charge carrier dissociation: To separate electron and hole pair 
at the donor/acceptor interface, the HOMO (Highest Occupied 
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Molecular Orbital) and LUMO (Lowest Unoccupied Molecular 
Orbital) levels of an acceptor have to be higher than those in the 
donor to be energetically suitable. Electrons jump from the HOMO 
level of donor to the LUMO level of acceptor, with holes remaining at 
the HOMO level of donor. The advisable HOMO-LUMO energy 
difference is not too much. 
 
1.5.4 Charge Collection: A free charge carrier is generated at the 
D/A interface, electrons and holes are transferred via acceptor and 
donor materials, which require high charge–carrier mobility. Positive 
charges are collected by the anode and the negative charges are 
withdrawn by cathode, hence, a photocurrent is generated in the 
external circuit. 
 
 
 
 
 
 
 
 
 
 
 
 
11 
 
1.6 Characterisation of organic solar cells 
 
A number of following parameters can be derived from the light 
current curve which is shown in Figure 1.3 and followed by a detailed 
description in subsection (1.6.1-1.6.4). 
 
Figure 1.3. The model characterisation technique for organic solar 
cells.  
 
1.6.1 Open circuit voltage (Voc):  The Voc represents the maximum 
voltage (photon) that can be obtain from a solar cell, and is dependent 
on the organic material in its construction, which dictates the energy 
difference between the HUMO level of the electron donor layer and 
the LUMO level of the electron acceptor. A charge recombination 
process can also influence Voc, resulting in a lower maximum Voc. 
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1.6.2 Short Circuit current (Jsc): This depends on the number of 
absorbed photons and can be capitalized by the solar cell only if 
saturation did not occur. Jsc also depends on the:  
• Surface area of photoactive layer 
• Overlap between the absorption spectrum of the solar cell and 
solar spectrum  
• Device thickness  
• Charge collection efficiency 
                           Isc α ηabs  . ηdiss . ηout   
 
1.6.3 Fill factor (FF): The FF factor is depends on the competition 
between charge carrier recombination and transport process. Power 
conversion efficiency is the ratio of maximum delivered electrical 
power to the incident light power (p0) and requires the calculation of 
the fill factor (FF) then incident light power (p0):       
  
Where Jm and Vm represent the current density and voltage at the 
maximum deliverable power point, respectively. 
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1.6.4 Power Conversion efficiency (ηp): is the ratio of maximum 
delivered electrical power to the incident light power (p0) and is 
calculated by: 
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1.7 Literature review of the organic molecules used for BHJ      
solar cells 
 
Research into organic based BHJ solar cells27,28 has gained huge 
momentum over the past two decades because of their potential to 
replace traditional inorganic photovoltaic devices. This is due to the 
improvement in their conversion efficiencies. Also organic molecules 
made up of C, N and O, which are naturally degradable. Most 
research is focused on the donor materials, which are referred to as p-
type materials and are used to make an active layer with acceptor or n-
type semiconducting material. 
 
Within the scope of this thesis, the literature review is focused on the 
different classes of organic materials that have specifically been used 
as donor materials for solution processable BHJ solar cell devices, as 
shown in Figure 1.4. 
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Figure 1.4. Literature electron donor and acceptor molecules used for 
BHJ solar cells. 
 
The first report by Tang and co-workers reported their work on a 
bilayer heterojunction organic solar cell where copper phthalocyanine 
(CuPc) acts as a redox mediator coupled with a perylene-based small 
molecule as an acceptor (Fig. 1.4, example 1 & 6). Their findings on 
the bilayer device provided a PCE of 0.95% with a relatively high fill 
factor of 0.65.20 Over the following decade, OPV solar cells were 
studied with limited success, most investigations focussing on the use 
of conjugated polymers as donor materials and a fullerene as acceptor 
materials. For example, the use of poly [2-methoxy-5-(2’-
ethylhexyloxy)-p-phenylenevinylene] (MEH: PPV) as a donor 
material and C60 as an acceptor material29 in the bilayer heterojunction 
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solar cell (Fig. 1.4, example 2 & 7). They have shown that a 
significant photoinduced electron transfer (PET) occurs from the 
conjugated polymer to the fullerene acceptors. At the same time, 
Wang and co-workers reported a study of the photoconducting films 
of polyvinylcarbazole doped with fullerenes (mixtures of C60 and 
C70),30 which indicated that the use of higher fullerene, such as C70, or 
its derivatives can also be used as acceptor materials for OPV 
applications (Fig. 1.4, example 3, 7 & 8). It was realised that there 
exists an interpenetrating network of polymers in active layers and 
photon absorption creates excitons, which must be dissociated at an 
interface.  
 
Halls et al. reported the use of MEH-PPV along with cyano-poly (p-
phenylenevinylenes: CN-PPVs) (Fig. 1.4, example 4 & 9) as a 
polymeric network for efficient photodiodes, in 1995.31 This work 
involved the use of an active spin-cast, thin-film layer from a 
common solution of donor and acceptor polymers onto an ITO-coated 
glass substrate. The use of such polymeric network and thin film 
deposition on the conducting metal oxide was likely a requirement for 
solar energy conversion. Yu, Heeger group reported the use of same 
donor (MEH-PPV) along with C60 or its solubilised derivative 
(PCBM) as an acceptor (Fig. 1.4, example 2 & 10) further indicated 
the photoinduced electron transfer from MEH-PPV to PCBM took 
place with a good energy conversion efficiency.32 In another report, 
Shaheen et al. explored the use of MDMO-PPV (poly [2-methoxy-5 
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(3′, 7′-dimethyloctyloxy)-1,4-phenylenevinylene]) as a donor and 
PCBM as an acceptor material (Fig. 1.4, example 4 & 10) achieving 
2.5% PCE solar cells, which was great achievement.33  
 
Although, the use of conjugated polymers has been a major focus in 
the field of OPVs, they have a limited light absorbance in the visible 
region (400 nm–700 nm) and lower values of absorption maxima 
(λmax) which would suggest they are high-energy band gap materials. 
Moreover, because of low charge carrier mobilities of these PPV 
polymers, efficiencies did not exceed 3% at their best34,35 and the 
general interest in this class of materials has faded.  
 
 
Thereafter, research efforts were focused on poly(alkylthiophenes), 
perticularly poly(3-hexylthiophene) (P3HT), as the donor class of 
polymeric materials. An encouraging report by Brabec and co-
workers emanated in 2002 using the combination of P3HT: PCBM 
solar cells with a weight ratio of donor:acceptor in 1:3 ratio.36 This 
paper appeared to be the starting point for the rapid development of 
P3HT:PCBM blends and also for improved understanding the device 
physics followed by the first explicit report on efficiency 
enhancement by thermal annealing37.  
 
In similar class of molecules, Brabec’s device obtained PCE of 4.4%, 
(Fig. 1.4, example 5&10)38 which was the most efficient device, 
published at the time in which the dye was completely solution 
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processable without any special treatment. An efficiency of ~5% was 
claimed to be formed from the same cell when it underwent thermal 
annealing at 150 °C, and it was highly stable after this treatment.39 
Following the success of the P3HT/PCBM combination, Brabec and 
co-workers suggested that the BHJ solar cells have the potential to 
reach an energy conversion efficiency of up to 10%.40 Consequently, 
research surged in the search of new donor polymeric materials that 
would exhibit better photophysical properties, such as broader 
spectral response, improved hole transport and favourably tuned 
HOMO/LUMO energy levels that match well with that of existing 
acceptors.41,42  
 
Since 2007, various research groups have focused on generating novel 
conjugated polymers as donor materials and fabricating them into 
OPV devices, with PCBM as an acceptor. The idea of using 
conjugated polymers has expanded to include different classes of 
organic materials possessing a range of electronic behaviours, such as 
being electron rich (donor) or electron poor (acceptor), which can be 
used to generate a polymeric backbone within BHJ devices.  
 
1.8 Key Conjugated Polymers 
 
Within the scope of this thesis, Figure 1.5 describes the development 
of a major classes of small molecular donors that have specifically 
been reported for solution processable organic photovoltaic devices. 
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Slooff et al. reported the use of dialkylfluorenes as donors and 
benzothiadiazole as an acceptor for the fabrication of BHJ solar cells, 
affording 4.2% efficiency (Figure 1.5, example 11 & 10).43 The use of 
dialkylfluorene gathered much attention due to its good charge 
transport and stability properties. Heeger and co-workers were able to 
enhance the device performance by the addition of alkanedithiols 
during the formation of the blend solution (Figure 1.5, example 12).44 
It was reported that the efficiency was enhanced from 2.8% to 5.2% 
by altering the bulk-heterojunction morphology. This paper has been 
cited 1122 times and sets as an example of using 
cyclopentanedithiophene as an efficient donor block (Figure 1.5, 
example 13)45. In another example, a semiconducting copolymer 
(Figure 1.5, example 14)46 containing dithienothiophene as a donor 
and DPP as an acceptor has been reported the highest hole mobility of 
around 2 cm2V-1s-1, and when incorporated into devices, afforded a 
power conversion efficiency of 5.4%. The high efficiency of the 
polymer was ascribed to copolymerisation of the thiophene groups.  
Moulé et al. further explored this donor block in a series of polymers 
(Figure 1.5, example 15)45, where benzothiadiazole and quinoxaline 
were used as acceptor functionalities. The benzothiadiazole 
performed moderately compared to quinoxaline-based polymers, 
which failed to produce efficient solar cells. It was concluded that the 
use of the acceptor fragment plays just as an important role in the 
design and development of novel polymers as the donor fragment. 
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DPP and benzodithiophene (BDP) have been shown to be among the 
best functionalities for acceptor and donor components respectively. 
However, by substituting benzodithiophene with naphthodithiophene, 
Peng et al., showed the device performance could be improved 
further. In their work they used PNDTDPP polymer (Figure 1.5, 
example 16), which is enhanced photovoltaic performance up to a 
PCE of 5.37%, compared to benzodithiophene-based copolymer 
PBDDPP, which was 2.91% PCE in conventional device structures.47  
The Heeney group has reported a dithienogermole-benzothiadiazole 
copolymer (Figure 1.5, example 17) with a PCE of 4.5% and high 
charge carrier mobility. They found that the dithienogermole 
functionality is stable under basic conditions to allow Suzuki 
polycondensation when associated with analogous dithienosilole.48 
The Franky group reported the same polymer, dithienogermole-N-
alkylthienopyrrole-4, 6-dione (Figure 1.5, example 18), with inverted 
device structure and a PCE of 7.4% was confirmed.49 It was claimed 
that the polymer solar cells with an inverted device structure are 
compatible with roll-to-roll fabrication processing. 
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Figure 1.5. Literature reported donor polymeric entities used in 
solution processable BHJ solar cell devices, in combination with 
PCBM as an acceptor. 
 
Many review articles50-58 have been published in the past on the use of 
conjugated polymers and on the device physics of organic 
photovoltaic devices, which further helps us to understand the 
working mechanisms, but are out of the scope of this study. 
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So far most of the research in the field of organic BHJ solar cells has 
been focused on the use of fullerene-based acceptors and p-type 
conducting polymers as donors. Current research in the field of small 
organic molecules has demonstrated the feasibility of solution-
processed BHJ devices composed entirely of these molecular solids. 
The development of small organic molecules offers potential 
advantages over conjugated polymer systems in terms of simplicity of 
purification, batch-to-batch reproducibility and flexibility to scale-up.  
 
Following is the list of the common synthons that have been used for 
the development of conjugated polymers as well as small organic 
molecules in the BHJ field of research (Table 1.1).  
 
The first small molecular BHJ devices were reported in 2000 and 
2001. These reports included solution processable phthalocyanine or 
hexabenzocoronene in combination with perylene blends59 (Table 1.1, 
example 19 & 20).60 However these devices exhibited poor device 
performance compared to the polymeric systems. The disappointing 
results of this pioneering report failed to generate interest in the field 
of small molecule BHJ devices until 2005, when Roncalli and Lloyd 
reported the use of fused aromatics, such as pentacene and 
oligothiophenes. The solution processable BHJ devices of these 
aromatics gave a 0.5% PCE (Table 1.1, example 21 & 22).61,62 At 
around the same time, Sun et al. reported the use of X-shaped 
oligothiophenes with different conjugation lengths for solution 
processable BHJ devices with PCE up to 0.8% (Table 1.1, example 
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23).63 These studies indicate that the photovoltaic effect is mainly 
dependent on structural characteristics. In another report, Roncalli 
group used oligothiophenes in conjugation with triphenylamine as an 
electron donor and indanedione or dicyanovinyl groups as electron 
acceptor, in their extended work.  A PCE of ~1.20% (Table 1.1, 
example 24) was reported for the star-shaped donor-acceptor small 
molecule by Roquet et al. They found that the introduction of 
acceptor groups induced an intramolecular charge transfer that 
resulted in longer wavelengths and narrow band gaps.64 Further 
improvements in donor-acceptor system were reported by the 
Meerholz group, using merocyanine colorants with a variety of donor 
and acceptor functionalities, to give a PCE of ~1.74% (Table 1.1, 
example 25).65  
 
Upon the successful strategy development of donor-acceptor  small 
molecular designs, other modular designs such as donor-acceptor-
donor (D-A-D), acceptor-donor-acceptor-donor-acceptor (A-D-A-D-
A), acceptor-donor-acceptor (A-D-A) or donor-acceptor-donor-
acceptor-donor (D-A-D-A-D) were also investigated. The first report 
of this was by the Nguyen group, who used a donor-acceptor-donor 
module, in which thiophenes and benzofuran were used as donors and 
diketopyrrolopyrrole as an acceptor (Table 1.1, example 26 & 27). 
The new reported materials were solution processable and displayed 
good film characteristics from their blend solutions, in combination 
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with a fullerene acceptor. A PCE of up to 4.4% was reported, with 
thermal annealing of the devices for effective BHJ morphologies.66,67  
 
Table 1.1: Literature reported small organic molecules as donor 
materials for solution processable organic solar cells  
 
Entry Donor materials 
 
Acceptor 
 
Ref. Remarks 
19 
 
 
 
 
59 Phthalocyanine/p
erylene blends 
Published: 2000 
PCE: 0.3% to 
1.0% 
 
 
 
20   60 First use of 
hexabenzocorone
ne/perylene 
blends 
Published: 2001 
 
25 
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61 π-conjugated 
oligothiophenes/p
erylene blends 
Published: 2006 
PCE: 0.3% 
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Fullerene 
C60 
62 TIPS-
pentacene/C60 
blends 
Published: 2006 
PCE: 0.52% 
 
23  PCBM-
C61 
63 X-shaped 
oligothiophenes/P
26 
 
 
CBM-C61 blend 
Published: 2006 
PCE: up to 0.8% 
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C60 
Derivative 
64 Donor-acceptor 
star shaped 
molecules 
Published: 2006 
PCE: ~1.2% 
 
25  
 
PCBM-
C60 
65 Donor-acceptor 
merocyanine 
colorants 
Published: 2008 
PCE: 1.74%;  
Highest PCE until 
2008 
26 
 
PCBM-
C71 
66 D-A-D modular 
small organic 
molecule 
Published: 2009 
PCE: 3.0% 
27 
 
PCBM-
C71 
67 D-A-D modular 
small organic 
molecule 
Published: 2009 
PCE: 4.4%;  
Highest PCE in 
2009 
Cites: 221 
27 
 
28  
 
PCBM-
C71 
68 D–A modular 
small organic 
molecules 
Published: 2011 
PCE = 2.46% (no 
additive) 
PCE = 3.66% 
(with 3%  
chloronaphthalen
e additive)  
29 
 
PCBM-
C71 
69 D-A modular 
small organic 
molecules 
containing 
bisdimethylfluore
nyl amino 
benzothiophene 
functionality 
Published: 2012 
PCE: 4.01% 
High Voc: 0.95V 
30  
 
PCBM-
C61 
70 D-A-D modular 
small organic 
molecules 
Published: 2011 
PCE: 1.31% 
High Voc: 1.0V 
Highest ever 
reported Voc for 
small molecular 
solids 
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PCBM-
C61 
72 A-D-A modular 
donor materials 
based on 
oligothiophenes 
Published: 2011 
PCE: 5.08% 
33  PCBM- 73 Donor: 
28 
 
 
C61 oligothiophenes 
Acceptor: 
N-ethylrhodanine 
Published: 2012 
PCE: 6.1% 
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PCBM-
C71 
74 D-A-D-A-D 
modular donors 
based on central 
dithienosilole and  
thiadiazolopyridi
ne acceptor 
Published: 2011 
PCE: 3.0% 
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PCBM-
C71 
75 D-A-D-A-D 
modular design 
Donor: 
dithienosilole 
Acceptor: 
thiadiazolopyridi
ne 
Use of metal 
oxide in device 
design 
Published: 2012 
PCE: 6.7% 
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PCBM-
C71 
76 D-A-D-A-D 
modular donors 
based on central 
dithienosilole and 
fluorobenzothiadi
azole acceptor 
Published: 2012 
PCE: 7.0% with 
0.4% v/v addition 
of 1,8-
diiodooctane as 
29 
 
an additive 
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PCBM-
C61 and  
PCBM-
C71 
77 A-D-A modular 
donor materials 
based on central  
benzodithiophene 
and N-
ethylrhodanine 
terminals 
 
Published: Sept. 
2012; PCE: 
7.38% (certified 
7.10%); Highest 
reported 
efficiency for 
small molecular 
solution 
processable 
organic 
photovoltaic 
device 
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PCBM-
C61 
78  
 
Published 2015. 
 
PCE:  1.28%. 
30 
 
39 
 
 
 
 
 
 
 
 
 
PCBM-
C61 
79 D-A-D module. 
Pi-conjugated 
molecule. 
PCE: 2.23% 
40  
 
 
 
PCBM-
C61 
80 A-D-A module. 
 
PCE: 2.10% 
 
41  MEH-PPV 
 
 
81  
PCE: 3.5% 
42 P3HT 
 
82 Published: 
2015. 
PCE: 2.30% 
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83 Published: 2015. 
PCE: 5.1% 
 
The Ko group explored D-A systems bearing bis-
dimethylfluorenylamino derivatives as donors, thiophenes as central 
π-spacers and dicyanovinylidene as an electron acceptor (Table 1.1, 
example 28 & 29). Their finding revealed that the use of the 
benzothiophene moiety in the donor part helped to achieve a higher 
open circuit voltage when compared with its phenyl counterpart. The 
device exhibited a high PCE of 4.01% with a high open circuit 
voltage of 0.95 V.68,69 
 
A series of materials based on the D-A-D design were further 
explored by Li et al. using 2-pyran-4-ylidenemalononitrile as an 
electron-accepting moiety and triphenylamine as an electron-donating 
moiety, linked by different electron-donating moieties and PCBM-
C61 as an acceptor (Table 1.1, example 30). A PCE of 1.31% was 
among the best with a high open circuit voltage of 1V shown for the 
first time.70   Similarly, Shi et al. reported the use of a triphenylamine 
donor and the new electron-withdrawing building block 
thiazolothiazole (Table 1.1, example 31). Solution processed solar 
cells based on blends of donor and PCBM-C71 afforded a PCE of 
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3.73%, after thermal annealing.71 A-D-A design has been developed 
by Liu et al. In their design, they have used oligothiophenes as the 
central moiety with end-capped bis-alkyl-cyanoacetate acceptor 
groups (with different alkyl substitutions). These A-D-A dyes were 
used to achieve series of materials (Table 1.1, example 32). They 
found that the use of end-capped alkyl-chains not only enhanced the 
solubility, but also improved the packing structure and miscibility 
with PCBM. A solution processable BHJ device afforded a PCE of 
5.08% with the use of an octyl-substituted cyanoacetate acceptor.72 In 
similar fashion, Li et al. prepared solution processable, N-
ethylrhodanine-based, small molecule, organic photovoltaic cells 
which exhibited a PCE of 6.1% and derivatives show very high 
mobility (Table 1.1, example 33).73 
 
The Bazan group developed another modular framework based on the 
A-D-A arrangement, where dithienosilole was the central donor and 
thiadiazolopyridine was an acceptor, with donor end-capping units 
(Table 1.1, example 34). This design achieved strong charge transfer 
characteristics, with broad optical absorption spectra and achieved a 
PCE > 3%.74 Using the same material with slight changes to the 
device architecture, an impressive PCE of 6.7% was achieved. This 
device used a 7:3 ratio of donor:PC71BM and a small percentage of 
solvent additive (0.25% v/v of 1,8-diiodooctane) during the film-
formation process (table 1.1, example 35).75 Using a similar principle, 
they have also designed another molecule bearing 
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fluorobenzothiadiazole as the central donor (Table 1.1, example 36) 
and the use of fluorine provided an electron-withdrawing 
functionality with no lone pairs of electrons that may be prone to 
participate in acid/base reactions. In OPV devices, the best 
improvement was observed by heating the device to 130 °C, yielding 
a PCE of 5.8%. Furthermore, the use of solvent additives such as 1,8-
diiodooctane (0.40% v/v) improved the PCE to 7.0%, with relatively 
high fill factor of 0.68.76  
 
In 2012, the Chen group used benzodithiophene in their A-D-A to 
design two new small molecules (Table 1.1, example 37). The use of 
a 3-ethylrhodanine terminal in the A-D-A design helped to improve 
the solar light absorption and the solar cell devices based on the 
corresponding compound afforded a PCE of 7.38%. This is the 
highest reported efficiency for a small molecule based solution 
processable organic solar cell.77 
 
Recently, Liu group designed and synthesized two star shape D-A 
type small molecules of triphenalamine (TPA)-phenylquinoxiline 
(PQ)- thiophene (T) and TPA-PQ-2T (Table 1.1, example 38). Where 
PQ was used as central core and acceptor unit, TPA used as hole-
transporting moieties and T and 2T were used as arms and donor 
units. In this solution –processed, TPA-PQ-T based solar cell,the PCE 
obtained was 1.28%.78 
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Two acetylene-bridged D-A-D type, small, π-conjugated molecules 
involving triphenylamine or N-phenylcarbazole as donor blocks (D) 
and thienoisoindigo as the acceptor unit (A) were synthesized and 
characterized by Oleh Vybornyi et al. The triphenylamine end-capped 
derivative reported the highest PCE value of ~2.20% (Table 1.1, 
example 39).79 
Meng et al. (Table 1.1, example 40) designed and synthesized two 
novel A–D–A small molecules containing benzo[1,2-b:3,4-b′:5,6-
b′′]trithiophene as the central electron-donating unit, 3-ethylrhodanine 
as end-capped electron-withdrawing units, and two or three thiophene 
molecules as conjugated π-bridges. The effects of the conjugated π-
bridges on the photophysical, electrochemical and photovoltaic 
properties, as well as the aggregated structure, were fully investigated. 
This led to a device with improved photovoltaic performance, a PCE 
of 2.10% and an amazingly high Voc of 1.10 V.80 
The Ebenhoch group reported the fabrication of solution-processed 
BHJ devices from subphthalocyanine (SubPc) units as the acceptor 
component and conventional polymeric donor materials (such as 
MEH-PPV, P3HT and PTB7). The high solubility of the SubPc 
derivatives the formation of efficient donor/acceptor networks were 
prepared which exhibited a PCE of 0.4% with MEH-PPV, 1.1% with 
P3HT and 3.5% with PTB7 (Table 1.1, example 41).81  
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A fluorene-centered, perylene monoimide dimer (PMI-F-PMI) with a 
partly non-coplanar configuration has been developed by the Zhang 
group. Optimum power conversion efficiency of the OSC based on 
PMI-F-PMI as an acceptor, and poly (3-hexyl thiophene) (P3HT) as a 
donor, of up to 2.30% were obtained (Table 1.1, example 42) after 
annealing at 150 °C. Because of the relatively balanced electron–hole 
transportation and the smooth morphology, PMI-F-PMI is superior to 
its sister (PMI-F) and parent (PMI) compounds as an acceptor in BHJ 
solar cells.82 
Ryan & Matsuo reported (Table 1.1, example 43) methano indene 
fullerene (MIF) dye i.e. a bis-functionalised C60 fullerene as an 
acceptor that has a LUMO level 140 mV higher than PCBM, in 
solution processed SMOSCs with a well-known small molecule 
donor, DPP (TBFu)2. MIF-based devices show an enhanced VOC of 
140 mV over that from PC61BM and only a small decrease in the JSC, 
with the PCE increasing to 5.1% (vs. 4.5% for PC61BM).83 
Recent development in OPV field have been intensely reviewed on 
the use of small molecular solids further helps to deepen our 
knowledge on device physics and mechanism.84-85 These reviews 
highlight that most of the small molecular solids have been used with 
either vapour deposited or solution processable organic solar cells. 
Examples of commonly used synthons, for the development of 
polymeric and small molecular materials, are illustrated in Table 1.2. 
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Table 1.2: Commonly used synthons for the development of 
polymeric and small molecular materials for solution processable BHJ 
devices.  
  
 
NO. 
 
Structural motif 
 
Donor 
 
Acceptor 
 
References 
 
44 
 
Yes No 39, 86 
45 
 
Yes No 66, 87 
46 
 
Yes No 43, 68 
47 
 
Yes No 88, 89 
48 
 
Yes No 90, 91 
49 
 
Yes No 77 
37 
 
50 
 
No Yes 67 
51 
 
No Yes 71 
52 
 
No Yes 90 
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1.9 Literature limitations and project aims 
Within the scope of this thesis, the literature review presented here 
signifies a variety of organic materials that have been used for the 
fabrication of solution-processable BHJ solar cells.  Small organic 
molecules as well as polymeric entities have been used as BHJ 
materials. Most of the organic materials have been developed on the 
basis of various structural modules such as D-A, A-D-A and D-A-D 
to name a few. Most of the materials have been designed randomly 
and the reported literature fails to provide any correlation between the 
various fragments of a particular molecule, and how the 
optoelectronic and photovoltaic properties are affected with the 
structural changes. Moreover, there is no material development 
program based on a common structural ground. Furthermore, the 
reported literature lacks in an A-B comparison of structural change vs 
the photovoltaic behaviour, which is an essential feature for the 
design and development of new BHJ materials. 
 
Apart from the above mentioned problems the literature reported 
strategies provide limited solutions to some of the important features 
that are essential for a BHJ material.  
 
Few main features that are of utmost importance are depicted below: 
• Stability of organic materials and hence an overall stability of the 
BHJ device 
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• Solubility of organic materials as the materials are processed 
using common organic solvents such as chloroform, 
dichlorobenzene and toluene 
• Flexibility of organic materials 
• Broad absorption over the visible range, and possibly to near IR, 
for an efficient ICT 
• Comparative modular designs examination for the generation of 
new materials with tuneable photo-physical properties so that the 
materials can perform better than their previous analogues. 
 
1.9.1 Overcoming the literature issues: Diverse entities of small 
aromatic pi-conjugated functional molecules have attracted enormous 
research interest in light of their applications in optoelectronics. Weak 
molecular non-covalent forces such as pi−pi interactions, Vander 
Waals and electrostatic interaction play crucial role in the device 
fabrication strategy. In this regard, we plan to use newer small target 
molecules that include functionalities such as NDI and DPP in 
conjugation with other donor and/or acceptor moieties for further 
development of the material design in the emerging field of BHJ 
devices. The use of NDI and DPP functionalities for the development 
of targets will satisfy most of the features mentioned above in the 
section 1.9. 
 
Amongst aromatic molecules that have found utility, especially in the 
design of conducting materials, NDIs have attracted much attention 
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due to their tendency to form n-type semiconductor materials.92 
Naphthalenediimides (NDIs) have been used for decades as electron 
acceptors in covalent and non-covalent systems such as dyads and 
triads as well as sophisticated architectures in catenanes and 
rotaxanes.93 However, their optical properties are discreetly limiting 
their utility. In 2002, the Würthner group discovered that a slight 
modification to the core substitution (Figure 1.6) by one or up to four 
electron-donating groups on the NDI ring introduces a new electronic 
transition with charge transfer character located in the visible 
region.94,95 Consequently, cNDIs have opened this class for further 
investigation, by combining optical and structural changes at the 
supramolecular96 and molecular level.97 Applications of cNDI 
derivatives have not yet been extensively studied in solar cell 
applications, with only a few controlled nanostructures being 
reported.92-96 
 
Figure 1.6. Napthelene diimide (NDI) and core-substituted 
naphthalene diimide (cNDI) structures. 
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On the other hand, organic dyes based on diketopyrrolopyrrole (DPP) 
functionality98 have been widely studied as organic pigments in 
industrial applications such as paints, plastics and inks (Figure 1.7).  
 
Figure 1.7. Structures of diketopyrrolopyrrole and thiopehne 
substituted diketopyrrolopyrrole. 
 
DPP building blocks are reported to be potential planer conjugated 
structures, containing an electron deficient fragment and electron 
accepting amide group. An advantage of DPP accepting functionality 
is the possibility to incorporate alkyl chains on the nitrogen atoms that 
helps to improve the solubility of target materials and also helps with 
excellent film formation without crystallization. DPP unit can also be 
used to construct low-band gap materials. The assimilation of a DPP 
unit into a conjugated backbone can modify the optical energy levels 
and fine tune the absorption pattern. 
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1.9.2 Typical aims of this PhD project 
 
Based on the literature survey and importance of cNDI and DPP 
functionalities, this PhD project will aim to design and develop novel 
target materials that will incorporate NDI and DPP blocks and will be 
based on the structural modules such as D-A-D, A-A-A, A-D-A.  
 
The main focus of my PhD work will be the design of novel materials 
in such a way that they fulfil most of the basic structural 
requirements, such as solubility, stability, low band-gap and broad 
absorption. The materials will be designed using a variety of donors 
and/or acceptors functionalities along with NDI and DPP. It is 
important to mention that we’ll take account of design prerequisites 
that will help us to generate a target depicting (1) strong and broad 
absorption, (2) adequate solubility, (3) high charge carrier mobility, 
(4) low band gap and (5) appropriately tuned HOMO and LUMO 
energy levels. 
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1.10 Project approach 
For achieving the results based on the above mentioned research aims, 
we can define the project approach in the form of a flow chart that 
will help to understand the various steps for the set research goals. 
The flow chart is followed by Table 1.3, which will show the 
involvement of various people working on this project as part of my 
Ph. D. 
 
Please note that the flow chart and Table 1.3 are related with each 
other. 
The flow diagram can be represented as follows: 
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Theoretical energy level calculations for target molecules 
Characterization of materials by means of spectroscopic techniques, such as 
1
HNMR, 
13
CNMR, mass spectrometry and their purity check via high-performance liquid 
chromatography (HPLC), whenever necessary 
 
Materials synthesis, isolation and 
purification 
BHJ testing 
Giving the materials to CSIRO or Melbourne 
University to check the BHJ performance of 
the active materials 
Optical and electrochemical characterization 
5.1 Studying the optical and electrochemical properties of newly synthesized materials in solution and thin solid films to measure their 
absorption, molar extinction coefficient, fluorescence and energy levels 
5.2 Cyclic-voltammetry experiments in solution and/or in thin solid film to measure redox potentials of the target materials 
5.3 Calculating the energy levels by using cyclic-voltammetry data and/or using photoelectron spectroscopy at atmospheric pressure under 
air {(PESA), generally termed as AC-2 instrument} in film/powder form 
 
Step 1 
Step 2 
Step 3 
Step 4 
Step 5 
Step 6 
Designing of materials for BHJ 
solar cells  
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Table 1.3: Involvement of various people in my Ph. D. project 
Steps People involved Facility Remarks 
1 Hemlata Patil 
Akhil Gupta 
RMIT and CSIRO  
2 Ante Bilic CSIRO CSIRO Virtual 
Nanoscience 
Laboratory 
3 Hemlata Patil 
 
RMIT  RMIT School of 
Applied 
Sciences 
4 Hemlata Patil 
 
RMIT  RMIT School of 
Applied 
Sciences 
5.1 Hemlata Patil 
 
RMIT  RMIT School of 
Applied 
Sciences 
5.2 Hemlata Patil 
 
RMIT  RMIT School of 
Applied 
Sciences 
5.3 Hemlata Patil, 
Akhil Gupta  
 
RMIT and CSIRO 
 
 
RMIT School of 
Applied 
Sciences 
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6 Akhil Gupta and 
Prashant Sonar 
CSIRO and 
Queensland 
University 
BHJ device 
fabrication 
facility 
 
NOTE 
• Hemlata Patil conducted synthesis, purification and 
characterization of all the materials at the RMIT facilities. 
• Materials reported for BHJ solar cells were tested by Drs Akhil 
Gupta and Dr. Prashant Sonar at Queensland University of 
Technology, Brisbane. 
• DFT calculations on all the materials were performed by Dr Ante 
Bilic at the CSIRO Virtual Nanoscience Laboratory, Parkville VIC 
3052 
• Analytical measurements such as CV, AFM and TGA were 
conducted at the RMIT facilities. 
• PESA measurements were conducted at the CSIRO facility by 
Akhil Gupta. 
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1.11 Appendix of terms 
 
A) Heterojunction 
A heterojunction is the interface that occurs between two layers 
or regions of dissimilar semiconductors. These semiconducting 
materials generally have unequal band gaps. 
 
B) Exciton 
An exciton is said to be a bound state of an electron and an 
imaginary particle called hole. As such it is an electron-hole pair 
has no net charge. 
 
C) PEDOT:PSS 
PEDOT:PSS or poly (3, 4-ethylenedioxythiophene) poly 
(styrenesulfonate) is a polymer mixture of two ionomers (An 
ionomer is a polymer that comprises repeat units of both 
electrically neutral repeating units and ionized repeating units). 
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One component in this mixture is made up of sodium 
polystyrene sulfonate. Some of the sulfonyl groups are 
deprotonated and carry a negative charge. The other component, 
poly (3, 4-ethylenedioxythiophene) or PEDOT, is a conjugated 
polymer which carries positive charges and is based on 
polythiophene. Together the charged macromolecules form a 
macromolecular salt. 
 
D) Annealing 
Annealing, in materials science, is a heat treatment wherein a 
material is altered through increased temperatures, causing 
changes in its properties such as strength and hardness. It 
involves heating the material to above the re-crystallization 
temperature, maintaining a suitable temperature, and then 
cooling. Annealing is used to induce ductility, soften material, 
relieve internal stresses, and refine the structure, by making it 
homogeneous. 
 
E) Fermi level 
The Fermi Level is the energy level which is occupied by the 
electron orbital at absolute zero (0 Kelvin) temperature. The 
level of occupancy determines the conductivity of different 
materials.  
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Chapter 2 
 
 
 
A non-fullerene electron acceptor based on fluorine and 
diketopyrrolopyrrole building blocks for solution-
processable organic solar cells with an impressive open-
circuit voltage 
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Experimental Part 
 
Section 1: Synthetic Details 
DPP1 was synthesized as per the reaction scheme 1 depicted in the main text. 
1.1 6,6'-((9,9-dioctyl-9H-fluorene-2,7-diyl)bis(thiophene-5,2-diyl))bis(2,5-bis(2-
ethylhexyl) -3-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione) (DPP1)  
Compounds 2,2'-(9,9-dioctyl-9H-fluorene-2,7-diyl)bis(4,4,5,5-tetramethyl-1,3,2-
dioxaborolane (1) (150 mg, 0.23 mmol) and 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-
6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (2) (308 mg, 0.51 mmol) were 
mixed in 15.0 mL of dioxane in a 50.0 mL round bottom flask at room temperature. The 
reaction mixture was stirred for 15 minutes followed by the addition of aqueous 2 M K2CO3 
(5.00 mL). The resulting suspension was degassed for 10 minutes by purging argon, and 
tetrakis(triphenylphosphine)palladium(0) [Pd(PPh3)4] catalyst (115 mg, 0.10 mmol) was 
added to the reaction mixture. The reaction mixture was heated at 90 °C in an oil bath for 24 
hrs in the absence of light and the reaction progress was followed by thin-layer 
chromatography (TLC), which indicated the consumption of starting 1. The reaction mixture 
was cooled to room temperature, extracted with chloroform (25 mL) and the organic layer 
was separated. The organic layer was washed with water (2 × 100 mL) followed by brine (50 
mL), dried over anhydrous MgSO4 and recovered to get a crude solid which was purified 
through column chromatography on silica gel (chloroform/hexane = 1 : 1 as eluent) to afford 
DPP1 (250 mg) as a black powder. Yield: 74%. M.p.: 130–132 °C. FT-IR (thin solid film, 
cm-1): 3080, 2955, 2925, 2855, 1661, 1555, 1443, 1419, 1401, 1316, 1231, 1100, 857, 812, 
735. 1H NMR (CD2Cl2, 400 MHz, δ/ppm): 9.07–9.06 (m, 2H), 8.91–8.90 (m, 2H), 7.85–7.83 
(m, 2H), 7.79–7.77 (m, 2H), 7.74–7.71 (m, 4H), 7.65–7.64 (m, 2H), 7.36–7.32 (m, 2H), 4.19–
4.03 (m, 8H), 2.16–2.12 (m, 4H), 2.07–1.96 (m, 2H), 1.95–1.83 (m, 2H), 1.51–1.28 (m, 32H), 
1.22–1.04 (m, 24H), 1.00–0.89 (m, 24H), 0.83–0.80 (m, 6H). 13C NMR (CD2Cl2, 400 MHz, 
δ/ppm): 161.83, 161.64, 152.39, 150.47, 141.46, 140.22, 139.78, 136.97, 134.93, 132.57, 
130.63, 130.22, 128.84, 128.37, 125.47, 124.45, 120.78, 120.47, 108.33, 108.16, 77.68, 45.85, 
39.50, 39.29, 31.89, 30.51, 30.32, 30.05, 29.32, 28.72, 28.52, 23.99, 23.80, 23.66, 23.21, 
22.72, 14.03, 13.94, 10.50, 10.39; HRMS (APCI): [M]+, found 1434.8021. C89H118N4O432S4 
requires 1434.8030.  
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Section 2. Spectroscopic characterization of DPP1 
 
Fig. S2.1 FTIR Spectrum of DPP1 
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Fig. S2.2 1H NMR Spectrum of DPP1 in (CDCl3) 
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Fig. S2.3 13C NMR Spectrum of DPP1 in (CDCl3) 
 
 
Fig. S2.4 HRMS Spectrum of DPP1  
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[M]+ 
m/z  Theo. Mass Delta (ppm) Composition 
1434.8021  1434.8022    -0.04  C88 H114 O9 N4 S2  
   1434.8024    -0.16  C95 H112 O N5 S3  
   1434.8019     0.17  C95 H120 N S5  
   1434.8024    -0.19  C81 H122 O6 N6 S5  
   1434.8017     0.27  C73 H126 O8 N8 S6  
   1434.8017     0.29  C88 H122 O8 S4  
   1434.8017     0.29  C87 H116 O3 N7 S4  
   1434.8026    -0.32  C89 H126 O3 S6  
   1434.8029    -0.52  C81 H114 O7 N10 S3  
   1434.8012     0.62  C87 H124 O2 N3 S6  
   1434.8030    -0.64  C89 H118 O4 N4 S4  
   1434.8031    -0.67  C75 H128 O9 N5 S6  
   1434.8011     0.74  C80 H126 O10 N2 S5  
   1434.8010     0.75  C79 H120 O5 N9 S5  
   1434.8010     0.77  C94 H116 O5 N S3  
   1434.8010     0.77  C93 H110 N8 S3  
   1434.8008     0.90  C86 H112 O8 N7 S2  
   1434.8035    -0.97  C89 H110 O5 N8 S2  
   1434.8035    -0.97  C90 H116 O10 N S2  
   1434.8036    -1.00  C75 H120 O10 N9 S4 
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Section 3 Experimental part of optical electronic properties and device 
fabrication 
3.1. Materials 
All the reagents and chemicals used, unless otherwise specified, were purchased from 
Sigma-Aldrich Co. The solvents used for reactions were obtained from Merck Speciality 
Chemicals (Sydney, Australia) and were used as such. 3-(5-bromothiophen-2-yl)-2,5-bis(2-
ethylhexyl)-6-(thiophen-2-yl)-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione was purchased 
from Luminescence Technology Corporation, Taiwan and was used as such. 
3.2. Instruments and characterization 
Unless otherwise specified, all 1H and 13C NMR spectra were recorded using a Bruker 
AV400 spectrometer at 400 MHz and 100.6 MHz, respectively, or a Bruker AV200 
spectrometer at 200 MHz and 50 MHz, respectively. Chemical shifts (δ) are measured in parts 
per million. Thin Layer Chromatography (TLC) was performed using 0.25 mm thick plates 
precoated with Merck Kieselgel 60 F254 silica gel, and visualised using ultraviolet (UV) light 
(254 nm and 365 nm). Melting points were measured using a Gallenkamp MPD350 digital 
melting point apparatus and are uncorrected. High resolution mass spectra (atmospheric-
pressure chemical ionization (APCI)) experiments were carried out on a Thermo Scientific Q-
Exactive FTMS, ionizing by APCI from an ASAP probe [S1].  
All ultraviolet-visible (UV-vis) absorption spectra were recorded on a Hewlett Packard 
HP 8453 Diode array UV-visible spectrophotometer. Thin films were spin-coated from 
o-chlorobenzene (o-DCB) at a spin speed of 2000 rpm for 1 min onto cleaned glass slides. 
DPP1 was spin-coated from solutions at a concentration of 30 mg/mL. P3HT: DPP1 blend 
solutions were prepared in the same manner as for devices, i.e. P3HT (15 mg) and DPP1 (15 
mg) in a total volume of 1 mL. Where specified, films were annealed at 150 °C for 5 min. 
Fluorescence spectra were recorded using a Perkin-Elmer LS50B fluorimeter. Photoelectron 
Spectroscopy in Air (PESA) measurements were recorded using a Riken Keiki AC-2 PESA 
spectrometer with a power setting of 5 nW and a power number of 0.5. Samples for PESA 
were prepared on clean glass substrates. The thermal stability of DPP1 was investigated by 
thermogravimetric analysis (TGA). TGA was run at a heating rate of 10 °C/min, from room 
temperature to 800 °C. 
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3.3. Device fabrication and characterization of photovoltaic devices 
Indium tin oxide (ITO)-coated glass (10Ω/□) was cleaned by standing in a stirred 
solution of 5% (v/v) Deconex 12PA detergent at 90 °C for 20 min. The ITO-coated glass was 
then successively sonicated for 10 min each in distilled water, acetone, and isopropanol. The 
substrates were then exposed to a UV-ozone clean at room temperature for 10 min. UV/ozone 
cleaning of glass substrates was performed using a Novascan PDS-UVT, UV/ozone cleaner 
with the platform set to maximum height. The intensity of the lamp was greater than 36 
mW/cm2 at a distance of 10 cm. At ambient conditions, the ozone output of the UV cleaner is 
greater than 50 ppm. Aqueous solutions of PEDOT/PSS (HC Starck, Baytron P AI 4083) 
were filtered (0.45 µm PVDF filter) and deposited onto glass substrates in air by spin coating 
(Laurell WS-400B-6NPP lite single wafer spin processor) at 4000 rpm for 60 s to give a layer 
having a thickness of 35 ± 5 nm. The PEDOT/PSS layer was then annealed on a hotplate in a 
glove box at 120 °C for 10 min. For OPV devices, the newly synthesized organic n-type 
material (DPP1) and P3HT (Nano-C) were separately dissolved in individual vials by 
magnetic stirring. Blend ratios and solution concentrations were varied to optimize device 
performance. The solutions were then combined, filtered (0.45 µm PTFE filter), and deposited 
by spin coating (SCS G3P spin coater) onto the ITO-coated glass substrates inside a glove box 
(with H2O and O2 levels both <1 ppm). Film thicknesses were determined on identical 
samples using a Dektak 6M Profilometer. The coated substrates were then transferred 
(without exposure to air) to a vacuum evaporator inside an adjacent nitrogen-filled glove box. 
Samples were placed on a shadow mask in a tray. The area defined by the shadow mask gave 
device areas of exactly 0.09 cm2. Deposition rates and film thicknesses were monitored using 
a calibrated quartz thickness monitor inside the vacuum chamber. Layers of calcium (Ca) 
(Aldrich), from an open tungsten boat, and aluminum (Al) (3 pellets of 99.999%, KJ Lesker), 
from an alumina-coated graphite boat, having thicknesses of 15 nm and 100 nm, respectively, 
were evaporated onto the active layer by thermal evaporation at pressures less than 2×10-6 
mbar Current density–voltage 
(J–V) characteristics of OSCs were measured under AM1.5G illumination at 100 
mW/cm2 (SAN-EI Electric XEC-301S solar simulator). Light intensity of the solar simulator 
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was calibrated using a monosilicon detector (with KG-5 visible color filter) to minimize the 
spectral mismatch. 
For incident photon conversion efficiency (IPCE) measurements, the devices were in 
suit tested in glove-box.  IPCE data were collected using an Oriel 150W lamp coupled to a 
monochromator and an optical fibre.  The output of the optical fibre was focused to give a 
beam that was contained within the area of the device.  IPCE data were calibrated with a 
standard, unfiltered Si cell. 
AFM topographic maps were performed directly on the active layer of the P3HT: DPP1 
blends using an Asylum Research MFP-3D-SA instrument. The AFM was run in intermittent 
contact mode (tapping mode) using MicroMasch NSC18 tips (typical resonant frequency 
~100 kHz, typical probe radius ~10 nm and typical aspect ratio 3:1). 
3.4. Device preparation for thin film transistors 
We used thin film transistor (TFT) substrates Gen. 5: “end-of-line test substrates for 
customized semiconductor” purchased from Fraunhofer IMPS. Gate dielectric layers were 
thermally oxidized 230 ±10 nm SiO2. Test chip sizes were 15 × 15 mm2. Via Gate contact 
pads were 0.5 × 0.5 mm2 structured by lift off technique. 
The SiO2 layer was cleaned with acetone followed by 2-propanol, and then treated with UV 
ozone. Bottom contact TFTs with prepatterned source drain electrodes having a fixed channel 
width of 2000 µm and varying channel lengths of 2.5, 5, 10, 20 µm, with a total of 16 devices 
in one test chip were employed. Gate via, source drain contacts were 30 nm of Au with 10 nm 
high work function adhesion layer (ITO) (structured by lift off techniques). HMDS and OTS 
were applied as a passivation layer prior to the deposition of active layer. Device fabrication 
was completed by deposition of DPP1 (dissolved in CHCl3) by spin coating at 3000 rpm for 
1 minute. Measurements of the transistor characteristics were done using an Agilent 
parameter analyser B1500A. Estimation of the carrier mobility was done using the standard 
transistor equation (1) in saturation mode: 
)1()(2 2
G
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78 
 
where µ is the two probe field effect mobility, L= channel length, Ci is the gate insulator 
capacitance. 
 
Table 1.1 TA- thermal annealing, OTS-octyl trichlorosilane, HMDS-
hexamethyldisilazane, VT-threshold voltage. 
 
Solvent Surface 
treatment 
TA 
 
hole 
 
µ[cm2V-
1
s
-1] 
VT [V] On/off 
DPP1 CHCl3 OTS Xa 4.8×10
-4
 
-6 1.8×10
5
 
 
CHCl3 OTS A80 5.2×10
-4
 
-10 1.3×10
4
 
 
CHCl3 HMDS Xa 1.2×10
-4
 
-19 6.7×10
3
 
 
CHCl3 HMDS A80 1.1×10
-5
 
-15 1.6×10
3
 
 
 
Section 4. Figures of material characterisation 
 
79 
 
Fig. S1 Fluorescence spectra of pristine film of DPP1 (black curve; DPP1 P) along 
with its blend with P3HT [as-cast (red curve; DPP1 B) and annealed blend at 150 °C 
for 5 min (blue curve; DPP1 BA)], spin-coated from o-dichlorobenzene (λex = 600 
nm).  
 
 
Fig. S2 Orbital density distribution for the HOMOs and LUMOs of DPP1. Density 
functional theory calculations were performed using the Gaussian 09 suite of 
programs and B3LYP/6-311+G(d,p)//B3LYP/6-31G(d) level of theory. 
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Fig. S3 PESA spectrum of thin film of DPP1 from o-DCB. The dashed-lines show the 
fits to extract ionisation potential (-5.30eV) which corresponds to the HOMO energy 
level. 
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Fig. S4. TGA trace of DPP1 under nitrogen atmosphere. Heating rate: 10 °C/min 
from room temperature to 800 °C. 
                      
  
 
 
 
 
 
 
 
 
Fig. S5. Transfer (left) and output (right) characteristics of DPP1 OFET devices 
processed at room temperature. Device dimensions: channel length = 100 µm; 
channel width = 1 mm.  
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Chapter 3 
 
 
A solution-processable electron acceptor based on 
diketopyrrolopyrrole and naphthalenediimide motifs for 
organic solar cells 
 
 
 
 
Journal article published in Tetrahedron Letters presented as Chapter 3. 
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Experimental details 
1.1. Materials 
All the reagents and chemicals used, unless otherwise specified, were 
purchased from Sigma-Aldrich Co. The solvents used for reactions were 
obtained from Merck Speciality Chemicals (Sydney, Australia) and were used as 
such. 3-(5-bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)-2,5-
dihydropyrrolo[3,4-c]pyrrole-1,4-dione was purchased from Luminescence 
Technology Corporation, Taiwan and was used as such. 2,7-bis(2-ethylhexyl)-
4,9-bis(tributylstannyl)benzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone 
(1) was synthesized following the literature procedure.
S1 
 
1.2. Instruments and characterization 
Unless otherwise specified, all 
1
H and 
13
C NMR spectra were recorded using a 
Bruker AV400 spectrometer at 400 MHz and 100.6 MHz, respectively, or a 
Bruker AV200 spectrometer at 200 MHz and 50 MHz, respectively. Chemical 
shifts (δ) are measured in parts per million (ppm). Thin Layer Chromatography 
(TLC) was performed using 0.25 mm thick plates precoated with Merck 
Kieselgel 60 F254 silica gel, and visualised using ultraviolet (UV) light (254 nm 
and 365 nm). Melting points were measured using a Gallenkamp MPD350 
digital melting point apparatus and are uncorrected. High resolution mass 
spectra (atmospheric-pressure chemical ionization (APCI)) experiments were 
carried out on a Thermo Scientific Q-Exactive FTMS, ionizing by APCI from an 
ASAP probe.
S2
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All UV-vis absorption spectra were recorded on a Hewlett Packard HP 8453 
Diode array UV-visible spectrophotometer. Thin films were spin-coated from 
o-dichlorobenzene (o-DCB) at a spin speed of 3000 rpm for 60 sec onto cleaned 
glass slides. HP1 was spin-coated from solutions at a concentration of 30 
mg/mL. P3HT: HP1 blend solutions were prepared in the same manner as for 
devices, i.e. P3HT (15 mg) and HP1 (15 mg) in a total volume of 1 mL. Films 
were annealed at 150 °C for 5 min. Fluorescence spectra were recorded using a 
Perkin-Elmer LS50B fluorimeter. Spectra were recorded of thin films spin-
coated (3000 rpm/s, 60 s) onto PEDOT: PSS covered ITO glass slides from o-
DCB. 
 
Electrochemical measurements were carried out using a PowerLab ML160 
potentiostat interfaced via a PowerLab 4/20 controller to a PC running E-Chem 
For Windows Ver. 1.5.2. The measurements were run in argon-purged 
dichloromethane with tetrabutylammonium hexafluorophosphate (0.2 M) as 
the supporting electrolyte. The cyclic voltammograms were recorded using a 
standard 3 electrode configuration with a glassy carbon (2 mm diameter) 
working electrode, a platinum wire counter electrode and a silver wire pseudo 
reference electrode. The silver wire was cleaned in concentrated nitric acid 
followed by concentrated hydrochloric acid and then washed with deionized 
water. Cyclic-voltammograms were recorded with a sweep rate of 50 mV/sec. 
All the potentials were referred to the E1/2 of ferrocene/ferrocenium redox 
couple. 
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1.3 Device fabrication and characterization of photovoltaic devices, and 
experimental details for the preparation of thin-film transistors have been 
reported in our previous work.
S3 
 
Section 2: Synthetic Details 
 
HP1 was synthesized as per the following procedure. 
 
4,9-bis(5-(2,5-bis(2-ethylhexyl)-3,6-dioxo-4-(thiophen-2-yl)-2,3,5,6-
tetrahydropyrrolo[3,4-c]pyrrol-1-yl)thiophen-2-yl)-2,7-
dioctylbenzo[lmn][3,8]phenanthroline-1,3,6, 8(2H,7H)-tetraone (HP1): 2,7-bis(2-
ethylhexyl)-4,9-bis(tributylstannyl)benzo[lmn][3,8]phenanthroline-
1,3,6,8(2H,7H)-tetraone (1) (200 mg, 0.18 mmol) was dissolved in toluene (20.0 
mL) in a 100 mL round bottom flask followed by the addition of 3-(5-
bromothiophen-2-yl)-2,5-bis(2-ethylhexyl)-6-(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-1,4(2H,5H)-dione (2) (340 mg, 0.56 mmol) at room temperature. The 
resulting solution was degassed for 30 min followed by the addition of 
bis(triphenylphosphine)palladium(II) dichloride (351 mg, 0.50 mmol) at room 
temperature. The dark-coloured reaction mixture was heated to reflux 
overnight. Solvent was evaporated under reduced pressure and the residue 
was purified by silica gel chromatography (hexane: dichloromethane 10: 1) to 
get 200 mg (72%) of HP1 as black powder. Rf: hexane/ dichloromethane 10/1 = 
0.5; M. Pt.: 252–253 °C; IR (thin solid film, cm
-1
): 3080, 2955, 2925, 2855, 1661, 
1555, 1443, 1419, 1401, 1316, 1231, 1100, 857; 
1
H NMR (400 MHz, CD2Cl2, 
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ppm): δ 8.98-8.97 (2H, m), 8.92-8.91 (2H, m), 8.79 (2H, s), 7.71-7.70 (2H, m), 
7.46-7.45 (2H, m), 7.32-7.30 (2H, m), 4.10-4.01 (12H, m), 1.99-1.83 (6H, m), 
1.42-1.22 (48H, m), 0.92-0.81 (36H, m); 
13
C NMR (400 MHz, CD2Cl2, ppm): δ 
162.43, 162.36, 161.78, 161.67, 146.12, 140.78, 139.55, 138.72, 136.30, 135.40, 
135.13, 132.21, 131.09, 130.11, 129.84, 128.45, 127.96, 125.82, 123.93, 108.85, 
108.26, 46.01, 45.88, 44.82, 39.34, 39.28, 37.94, 30.76, 30.31, 29.82, 29.20, 
28.70, 28.53, 28.50, 24.04, 23.69, 23.63, 23.24, 23.20, 13.98, 13.95, 13.93, 
10.50, 10.40, 10.35; HRMS (APCI): [M]
+
, found 1534.7570. C90H114N6O8
32
S4 
requires 1534.7575. 
 
Spectra of HP1 
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[M]
+
 
m/z  Theo. Mass Delta (ppm) RDB equiv. Composition 
 1534.7570  1534.7571    -0.06    36.5 C89 H116 O2 N9 S6  
   1534.7571    -0.06    31.0 C90 H122 O7 N2 S6  
   1534.7569     0.06    28.0 C82 H118 O10 N8 S5  
   1534.7569     0.08    41.0 C97 H114 O10 S3  
   1534.7569     0.09    46.5 C96 H108 O5 N7 S3  
   1534.7575    -0.36    37.0 C90 H114 O8 N6 S4  
   1534.7564     0.39    40.5 C96 H116 O4 N3 S5  
   1534.7577    -0.48    45.5 C97 H112 N7 S5  
   1534.7577    -0.48    40.0 C98 H118 O5 S5  
   1534.7562     0.51    37.5 C88 H112 O7 N9 S4  
   1534.7560     0.65    47.5 C95 H104 O10 N7 S  
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   1534.7580    -0.67    43.0 C90 H106 O9 N10 S2  
   1534.7582    -0.79    46.0 C98 H110 O6 N4 S3  
   1534.7557     0.82    31.5 C88 H120 O6 N5 S6  
   1534.7584    -0.93    36.0 C91 H118 O3 N6 S6  
   1534.7555     0.96    41.5 C95 H112 O9 N3 S3  
   1534.7555     0.96    47.0 C94 H106 O4 N10 S3  
   1534.7587    -1.09    52.0 C98 H102 O7 N8 S  
   1534.7589    -1.24    42.0 C91 H110 O4 N10 S4  
   1534.7589    -1.24    36.5 C92 H116 O9 N3 S4 
 
Figure S1. TGA trace of HP1 under nitrogen atmosphere. Heating rate: 
10 °C/min from room temperature to 750 °C. 
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Figure S2. Fluorescence spectra of pristine film of HP1 (black curve; 
HP1F P) along with its blend with P3HT [as-cast (red curve; HP1F B), spin-
coated from o-dichlorobenzene (λexc = 600 nm). 
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Figure S3. Orbital density distribution for frontier molecular orbitals of 
HP1. Density functional theory calculations were performed using the 
Gaussian 09 suite of programs and B3LYP/6-311+G(d,p)//B3LYP/6-
31G(d) level of theory. 
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Figure S4. Cyclic-voltammogram of HP1, run in dichloromethane at a 
sweep rate of 50 mV sec
-1
, shows reversible oxidation and reduction 
waves. 
 
Table S1. Optical and electrochemical properties of HP1 
Dye Absorption 
(solution) 
λmax
a
/onset/nm   
[ε/(M
-1
cm
-1
)] 
Absorption 
(film) 
λmax
b
/onset/nm 
EHOMO 
eVc 
Ebandgap 
eVd 
ELUMO 
eV
e
 
HP1 
658/850 
658 [95980] 
549 [231,160] 
360 [189,040] 
 
737/1010 
567 
367 
-4.92 1.46 -3.46 
a Absorption spectrum was measured in chloroform solution. b 
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Absorption spectra of thin solid film spin-casted (solution spun at 2000 
rpm (10 mg/mL) for 1 minute) from chloroform solution. c HOMO 
energy level of HP1 was measured using CV method run in 
dichloromethane at a scan speed of 50 mV/sec. d Energy band-gap was 
estimated from the tangent of the edge of longest wavelength in solution 
spectrum. e LUMO energy level was calculated from the optical band-
gap (solution) and HOMO energy level (ELUMO= Ebandgap+ EHOMO). 
 
 
Figure S5. Energy level diagram showing alignments of various 
components of BHJ device architecture. 
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Figure S6. IPCE spectrum of the best performing device described in 
Figure 3. 
 
Figure S7. AFM image for thin film of P3HT: HP1 blend annealed at 150 
°C for 5 min (15 mg P3HT, 15 mg HP1 in 1 mL o-DCB, 3000 rpm/s for 1 
min). 
 
 
98 
 
 
References 
 
S1 Polander, L. E.; Romanov, A. S.; Barlow, S.; Hwang, D. K.; Kippelen, 
B.; Timofeeva, T. V.; Marder, S. R. Org. Lett. 2012, 14, 918. 
S2 McEwen, C. N.; McKay, R. G.; Larsen, B. S. Anal. Chem. 2005, 77, 
7826. 
S3 Gupta, A.; Armel, V.; Xiang, W.; Fanchini, G.; Watkins, S. E.; 
MacFarlane, D. R.; Bach, U.; Evans, R. A. Tetrahedron 2013, 69, 3584. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
99 
 
 
 
Chapter 4 
 
 
Donor-acceptor-donor modular small organic molecules 
based on naphthalene diimide acceptor unit for solution 
processable photovoltaic devices 
 
 
 
 
 
Journal article published in Journal of Electronics Material presented as 
Chapter 4 
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Experimental Part 
 
XRD data of S7 
 
Fig. S1. Packing of S7 viewed along a-axis: 2-D H-bonded molecular chains, 
connected in 3-D to form layers as a result of pi-pi stacking interactions. 
  
Table S1. Crystallographic data, experimental details and results of structure 
refinement for S7. 
 
Chemical formula  
Formula Mass 
Crystal system 
Space group 
No. of formula units per unit cell, Z  
a / Å 
b / Å 
c / Å 
 
C46 H46 N2 O4 S2 
754.97 
Triclinic 
P-1 
2 
9.434(5) 
14.460(7) 
15.359(8) 
113 
 
α / ° 
β / ° 
γ / ° 
Unit cell volume / Å 
Dx [g sm-3] 
Temperature / K 
Crystal description 
Sample size [mm] 
Diffractometer 
Scan mode 
Radiation type, λ / Å 
Correction for absorption  
Absorption coefficient, µ/mm 
Tmax, Tmin 
θ max [°] 
h, k, l ranges  
 
 
No. of reflections measured  
No. of independent reflections  
Rint  
Final R1 values (I > 2sigma(I))  
Final wR(F2) values (I > 2sigma(I))  
Final R1 values (all data)  
Final wR(F2) values (all data)                
Goodness of fit on F2  
67.256(9) 
80.356(11) 
76.618(10) 
1872.7(17) 
1.339 
150(2) 
rod, black 
0.404 x 0.057 x 0.049 
Bruker APEX II CCD 
φ and ω 
MoKα, 0.71073 (graphite 
monochromators) 
On the crystal shape 
0.191 
0.991, 0.987 
23.8826 
-11 ≤ h ≥ 10 
-18 ≤ k ≥ 18 
-19 ≤ l ≥ 19 
23181 
7953 
0.1328 
0.0730 
0.1420 
0.2009 
0.1881 
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0.961 
 
 
Table S2. Selected bond lengths and angles for S7. 
 Bond Length (Å)  Bond Angle (°) 
N1 - C12 1.389(5) C13 - N1 - C35  116.6(3) 
N1 - C13 1.390(5) C12 - N1 - C35  118.9(3) 
N1 - C35 1.475(5) C12 - N1 - C13 124.5(4) 
N2 - C2  1.388(5) C1 - N2 - C27  117.2(3) 
N2 - C1  1.394(5) C2 - N2 - C27  117.2(3) 
N2 - C27  1.475(5) C2 - N2 - C1  125.4(4) 
C6 - C14  1.420(6) C7 - C14 - C6  117.3(4) 
C7 - C14  1.395(6) C6 - C14 - C19  115.9(4) 
C14 - C19  1.473(5) C7 - C14 - C19  126.8(4) 
C3 - C9  1.379(6) C3 - C9 - C10  117.8(4) 
C10 - C9  1.408(6) C10 - C9 - C15  115.6(4) 
C9 - C15  1.481(6) C3 - C9 - C15  126.6(4) 
S2 - C18  1.720(5) S2 - C15 - C9  118.8(3) 
S2 - C15  1.739(4) C18 - S2 - C15  91.3(2) 
S1 - C19 1.764(3) C14 - C19 - S1  120.0(2) 
S1 - C22  1.702(4) C22 - S1 - C19  89.0(2) 
S1A - C19  1.764(3) C14 - C19 - S1A  115.8(3) 
S1A - C21  1.701(4) C21 - S1A - C19  86.9(2) 
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Spectra of S6 
FTIR  
 
1H NMR 
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13C NMR 
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HRMS 
 
 
 
[M+H]+ 
m/z  Theo. Mass Delta (ppm) Composition 
977.4995  977.5000    -0.50  C66 H65 O4 N4  
   977.4987     0.86  C65 H69 O8  
   977.4987     0.87  C64 H63 O3 N7  
   977.5005    -1.02  C52 H67 O10 N9  
   977.5014    -1.87  C67 H61 N8  
   977.5014    -1.88  C68 H67 O5 N  
   977.4974     2.24  C63 H67 O7 N3  
   977.4973     2.24  C62 H61 O2 N10  
   977.5027    -3.25  C69 H63 O N5  
   977.4960     3.61  C61 H65 O6 N6 
 
118 
 
Spectra of S7 
FTIR  
 
1H NMR 
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0.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.0
f1 (ppm)
-500
0
500
1000
1500
2000
2500
3000
3500
4000
4500
5000
5500
6000
6500
7000
7500
8000
8500
9000
 
13C NMR 
HRMS 
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[M+H]+ 
m/z  Theo. Mass Delta (ppm) Composition 
755.2969  755.2970    -0.15  C38 H43 O7 N8 S  
   755.2972    -0.39  C46 H47 O4 N2 S2  
   755.2972    -0.44  C31 H51 O4 N10 S4  
   755.2972    -0.44  C32 H57 O9 N3 S4  
   755.2965     0.47  C38 H51 O6 N4 S3  
   755.2965     0.52  C52 H41 O N3 S  
   755.2963     0.71  C30 H47 O9 N10 S2  
   755.2963     0.76  C45 H43 O9 N2  
   755.2963     0.77  C44 H37 O4 N9  
   755.2976    -1.01  C46 H39 O5 N6 
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Chapter 5 
Conjoint use of dibenzosilole and indan-1, 3-dione 
functionalities to prepare an efficient non-fullerene acceptor 
for solution-processable bulk-heterojunction devices 
 
 
 
Journal article accepted for publication in Asian J. Org. Chem. presented 
as Chapter 5 
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Experimental Part 
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Supporting Figures 
 
Figure S1. Molecular packing in the crystal of N5 from the side and top 
 
Table S1: Crystal and refinement data for N5 
Formula C56H54O2S2Si·CH2Cl2 
F. Wt. 968.13 
crystal system monoclinic 
space group P21/n 
a, Å 8.471(3) 
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b, Å 37.690(11) 
c, Å 15.660(5) 
β, deg 97.816(7) 
V, Å3 4954(3) 
Z 4 
T (K) 200(2) 
colour, habit red, plate 
cryst dimens (mm-3) 0.11 × 0.07 × 0.0. 
Dcalc (g cm-3) 1.298 
µ (mm-1) 0.287 
no. indep. reflns (Rint) 8662 (0.0495) 
no. of obsd. reflns [I > 2σ(I)] 5905 
no. params refined 630 
R (F2) 0.0494 
Rw (F2) 0.1098 
ρmax/ρmin (e Å -3) 0.409/-0.366 
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Figure S2. TGA (above) and DSC (below) curves of N5 showing its thermal stability 
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Figure S3. Fluorescence spectra of pristine film of N5 (solid curve; N5F) along with its 
blend with P3HT [1:1; as-cast (square dotted black curve; P3HT:N5)], spin-coated 
from o-dichlorobenzene (excitation wavelength = 480 nm). 
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Figure S4. Torsional angle of 156.3° or 23.7° between the two wings (from thiophene 
to the end) and the central DBS block of N5 from the minimum energy conformations 
calculated using the Gaussian 09 suite of programs and B3LYP/6-
311+G(d,p)//B3LYP/6-31G(d) level of theory. 
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Figure S5. PESA spectrum of thin film (same film which was used for measuring the 
optical absorption) of N5 on plain glass substrate. The dashed-lines show the fits to 
extract ionisation potentials which correspond to the HOMO energy levels. 
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Figure S6. Current–voltage curve for the BHJ device based on P3HT:PC61BM blend 
under similar conditions reported for N5. 
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Figure S7. IPCE curve of the best BHJ device based on a blend of P3H 
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Chapter 6 
Isoindigo-based small molecules with varied donor 
components for solution-processable organic field effect 
transistor devices 
 
 
Journal article submitted for publications in Physical Chemistry Chemical 
Physics and as presented as Chapter 6. 
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Experimental Part 
S10 Spectra 
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Figure S1. Infrared (IR) spectrum of S10. 
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Figure S2. IH NMR (above) and 13C NMR (below) spectra of S10. 
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Figure S3. HRMS spectrum of S10. 
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S11 Spectra 
 
 
 
 
 
Figure S4. IR spectrum of S11. 
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Figure S5. 
1
H and 
13
C NMR spectra of S11. 
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Figure S6. HRMS spectrum of S11. 
 
Figure S7. DSC curves of S10 (above) and S11 (below). 
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Figure S8. The XRD spectra of S10- (a, c) and S11-based (b, d) thin films under as-spun (a, b) 
and thermal annealing at 120 °C (c, d) conditions. 
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Chapter 7: General Discussion, Summary of research 
results, Overview, and Future directions 
 
7.1 General Discussion 
 
Natural photosynthetic systems harvest solar energy via 
converting sunlight into a usable form of chemical energy, and 
to produce a synthetic version is an attractive and challenging 
goal. If large arrays of light harvesters could be produced 
economically enough, so as to offset the comparative loss of 
initial efficiency in light collection, organic solar cells could be 
of critical importance to a long-term and sustainable future. The 
rationale for supporting research in this area is based on 
diminishing fuel reserves, the increased reliance on foreign fuel 
suppliers and the unsustainability of the current energy supply.1 
The development of effective systems for solar energy 
conversion and storage requires a fundamental understanding of 
the natural processes of photon absorption, charge separation, 
transport and storage. This was recognized by Ciamicin1 a 
century ago, followed by recent advances in the development of 
catalytic systems that use sunlight to generate molecular 
hydrogen and oxygen.2 From the work by Grätzel in dye-
sensitized solar cells (DSSC)3, there remains the need for the 
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investigation of artificial photosynthesis across all scientific 
disciplines. In essence, this thesis focuses on bio-inspired 
disciplines, aimed at utilising Nature’s concepts in the 
laboratory. There is considerable interest in the development of 
macromolecular chemical systems forming long-lived, charge-
separated states for technological advances in solar energy 
conversion, molecular-based optoelectronics, and other 
applications. Although many biomimetic and supramolecular 
compounds have been devised to collect photons, the output of 
these systems often consists of photons of lower energy. The 
outstanding challenge is to devise schemes in which acceptor 
chromophores can transfer the charge carrier (electron or hole) 
to generate a chemical product (for example, H2 or O2) before 
relaxation to the initial state occurs. 
 
Photovoltaic solar cells, which convert sunlight to electricity, 
are a mature technology.4-9 Inorganic solar cells are the 
dominant photovoltaic (PV) technology and are based on 
crystalline silicon. The commercial silicon cells typically 
achieve module efficiencies of about 15–18%10, but their wide-
spread application is hampered by their high cost. However, 
there has been interest in the development of novel types of low-
cost solar cells to replace inorganic silicon. Among the 
alternative technologies, organic photovoltaic (OPV) solar cells 
are a promising, cost effective alternative to conventional silicon 
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based solar cells. The main potential advantages include easy 
solution processing, roll-to-roll processability for large area 
devices, mechanical flexibility and versatility of chemical 
structures.11 However, some of the current disadvantages 
include their moderate efficiencies and lower stability compared 
to conventional silicon based solar cells. But there are ongoing 
extensive research efforts to solve these issues with OPV solar 
cells.12 OPV solar cells are defined as those cells which include 
at least one organic component or an organic material, such as 
small organic molecule or polymer, in their fabrication. This 
area of research gained significant momentum in the 1980’s 
when Tang’s group developed a single heterojunction OPV cell 
and reported a power conversion efficiency of about 1%.13 From 
late 80’s to early 90’s, high-purity conjugated polymers allowed 
the fabrication of OPV cells and these cells were called 
polymeric solar cells.14 From the mid 90’s was the development 
of bulk-heterojunction (BHJ) solar cells, which is where donor 
functionality and acceptor functionality were processed from the 
same solution and an active thin film was spin-cast on the metal 
oxide surface.15 Since then, OPV solar cells are commonly 
called BHJ solar cells and a variety of polymeric entities have 
been used in the past two decades.16  
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Figure 1, represents the operational depiction of a typical 
heterojunction solar cell with the concept of BHJ solar cell. 
Although most of the research in the field of BHJ solar cells has 
been focused on the use of p-type conducting polymers as 
donors and fullerene-based acceptors, recent research in the 
field of small organic molecules has demonstrated the viability 
of solution-processed BHJ devices composed entirely of these 
molecular solids. From a synthetic point of view, small 
molecules offer potential advantages over polymeric materials 
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in terms of ease of synthesis and purification and suffer less 
from batch to batch variations and end group contamination.  
These small organic molecules act as donor components and 
are based on various structural motifs. Some of the common 
motifs are donor-acceptor (D-A), D-A-D and A-D-A. These D-
A motifs could be directly attached to each other or through a 
conjugated π-spacer. Most of the donor functionalities that have 
been studied within these D-A designs include triphenylamine 
or its subsequent derivatives, indoline, benzothiophene and 
oligothiophenes for their potential use in the development of 
target donor material.17 The development of such modular 
designs pose a challenge for an organic chemist to generate a 
material which is: 
• Highly soluble in common organic solvents, such as 
dichloromethane, chloroform and toluene, as the BHJ solar 
cells are processed from solution. 
• Developing new molecules capable of broad band solar 
harvesting which are stable at high temperature and easily 
processable. 
• Able to absorb in visible to near infra-red region and 
should possess a narrow energy band-gap. 
Therefore it is not surprising that there is such growing interest 
in the development of small organic molecules based on various 
D-A combinations with the goal of achieving novel donor 
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materials for their practical applications in Bulk heterojunction 
(BHJ) solar cells. 
It is important to note that, fullerene and their derivatives have 
been used as an electron acceptor for fabrication of BHJ 
devices.  
However, fullerenes suffer from a number of disadvantages, 
such as high cost, weak absorption in the visible range spectrum, 
restricted electronic tuning via synthesis and cumbersome 
purification. Also, the large electron affinity of C60-derivatives 
can yield a low open circuit voltage (Voc) for the photovoltaic 
devices.  
7.2 Summary of research results 
This project aimed to investigate and develop new materials and 
device architectures in order to improve the conversion 
efficiency of next generation organic solar cells. In particular, 
the focus of this research was on developing innovative and 
cutting-edge molecular devices and synthesising novel 
heterocyclic derivatives. 
The main aim of this research was the design, synthesis and 
characterization of chromophores with donor-acceptor geometry 
for applications in BHJs. Examination of new acceptors, central 
π-conjugating functionalities, extended π-spacers, phenyl 
replacement with thiophene functionality and a common 
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synthon for the development of BHJ materials was carried out. 
A total of seven new BHJ materials are reported in this 
research. The three building blocks of D-π-A materials were 
systematically varied and their performance was benchmarked 
against the standard building blocks. 
 
To further explore this idea of small aromatic π-conjugated 
molecules, cNDI was chosen as one of the counter components 
in A-D-A (acceptor-donor-acceptor), A-A-A (acceptor-acceptor-
acceptor) and D-A-D (donor-acceptor-donor) solution-based 
BHJs. As NDI is a compact, planar, aromatic and fascinating π-
conjugated compound, it has been widely studied. Subsequently 
it has found use in organic electronics because it has excellent n-
type conductivity and stability (Chapter 1, ref. 93; Nature, 2000, 
404, 478-481). Thus, diketopyrrolopyrrole (DPP) and core-
substituted naphthalene diimides (cNDIs) were chosen to 
construct organic photovoltaic (OPV) solar cell devices by 
strengthening pi−pi-stacking within the three types of systems 
(A-D-A, D-A-D and A-A-A). These small organic molecules act 
as donor components and are based on various structural motifs. 
These designs could be directly attached to each other or 
through a conjugated π-spacer.  
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In recent years, DPP based derivative functionalised with 
electron withdrawing end capping i.e. trifluoromethylphenyl) 
has been investigated for solution processable device 
fabrication. The best power conversion efficiency (PCE) using 
1:2 donor-acceptor, (poly(3-hexylthiophene) i.e. P3HT:DPP) by 
weight mixture, was 1%. A star-shaped molecule based on 
triphenyl-amine functionalization, terminating with three DPP, 
improves efficiency to 1.2 %.18-22 In other examples, DPP 
derivatives have shown to have very good electron mobility and 
hole mobility, under vacuum as well as in air. Reported 
examples shows DPP functionality is suitable as an acceptor for 
solution processable BHJ.  
On the other hand, literature examples also show that core-
substituted naphthalene diimides (cNDIs) will have very good 
mobility under vacuum, as well as in air.23-27 Despite these 
results, there is no report of utilising cNDIs in BHJ solar cell 
device fabrication.  
These results suggest that the DPP and cNDI core functionality 
will be good candidates for solution processable, low bandgap, 
n-type organic semiconductors for organic solar cell application. 
Recently, non-fullerene electron acceptors have been 
developed30 and PCEs exceeding 2-4% have been achieved 
using P3HT and non-P3HT donors.31 Even though this progress 
is encouraging, considerable scope still exists to develop new 
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non-fullerene acceptors which possess strong optical absorption 
and good stability.  
To achieve such derivatives, we have designed a new acceptor 
having strong absorption, adequate solubility, and high charge 
carrier mobility along with appropriate energy levels.  
In this work I have demonstrated for the first time that a 
common D-A-D, A-D-A and A-A-A synthon can be used to 
produce BHJ materials in a single synthetic step. A total of eight 
of these intermediates were used as common synthons for BHJ 
materials.  
 
7.3 Key Findings 
Chapter 2 
This chapter illustrates the synthesis of DPP1, based on A-D-A 
design, which is a novel non-fullerene electron acceptor in 
which fluorene (FL) is a central core and has two DPP units as 
the terminal substituents on both side of the FL, via Suzuki 
coupling. DPP1 shows excellent solubility and thermal stability, 
strong and broad absorption and matching energy levels with 
P3HT. The BHJ devices based on a P3HT: DPP1 blend (1:1), 
after annealing at 150 oC for 5 min, yielded a notable PCE of 
1.20% and a very high Voc of 1.10 V. The electron mobility of 
175 
 
DPP1 was ~8x10-6 cm2 V-1 s-1, measured using the time of flight 
photoconductivity (TOF-PC) method.  
 
Chapter 3 
In this chapter, an A-A-A based system (HP1) was designed and 
synthesised via a Stille coupling reaction, bearing cNDI as a 
central core and DPP as terminal units. HP1 exhibited 
promising optoelectronic properties, excellent solubility, 
thermal stability and energy levels matching those of P3HT. The 
BHJ devices based on the P3HT: HP1 blend, after annealing at 
150 oC for five minutes, afforded a PCE of 1.02% and a very 
high Voc of 1.05 V. Our results indicate that small molecules 
with low electron mobility and relatively deep LUMO energies 
(~3.5 eV) can also be studied as electron acceptors, and strongly 
support the excellent prospects of a simple molecule such as 
HP1 for applications in organic solar cells. 
 
Chapter 4 
This chapter demonstrates the use of a cNDI accepting 
functionality to generate new D–A–D modular small organic 
molecules.  In this design, cNDI as a core unit and two different 
donor functionalities, namely triphenylamine (S6) and 
benzothiophene (S7) are attached to the core of the NDIs. 
Results demonstrate that the D–A–D structure with the cNDI 
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central core can furnish a material with suitable optoelectronic 
properties that are viable for BHJ device architecture. The new 
materials S6 and S7 were soluble in a variety of organic solvents 
and used as p-type semiconducting components, with n-type 
PC70BM in solution-processable inverted BHJ photovoltaic 
devices. Use of a triphenylamine donor unit helped achieve a 
substantial red shift of the absorption maximum in the visible 
region and, in devices, resulted in higher photocurrent compared 
with devices based on a benzothiophene unit. Devices based on 
S6 were found to be more efficient than devices based on S7, in 
which a benzothiophene donor unit was used. These preliminary 
results strongly suggest that use of an NDI acceptor unit with 
different donor units might lead new materials, based on the D–
A–D structure.  
 
 
 
Chapter 5 
 
This chapter demonstrates the use of a novel, solution-
processable, highly conjugated chromophore N5 as an electron 
acceptor for organic solar cells. N5
 
has good thermal stability, 
strong and broad absorption and appropriate energy levels 
matching with those of classical donor polymer P3HT. The 
blend film of P3HT:N5 exhibited a good nanoscale 
177 
 
interpenetrating network, broad spectrum IPCE over the visible 
range and PCE as high as 2.76%, which is among the highest 
values reported so far for solution-processed BHJ devices using 
DBS-based non-fullerene acceptors. Lastly, the P3HT:N5 device 
is well-suited to simple device architecture with no special 
treatment, which offers advantages over more complex device 
strategies. This work demonstrates that small molecule 
acceptors with promising optoelectronic properties, such as N5, 
have bright prospects to be at the leading edge of non-fullerene 
acceptor research, and bridges the gap between the research 
fields of donor and acceptor semiconducting materials. 
Chapter 6 
This chapter describes the use of the isoindigo accepting 
functionality to generate new D–A–D modular small organic 
molecules, S10 and S11, which contain a common isoindigo 
core unit and varied donor functionalities. The new materials, 
S10 and S11, were synthesized, found to be highly soluble in a 
variety of common organic solvents, and were thermally stable. 
Use of a triphenyl amine (TPA) unit as an energy antenna 
helped to achieve a substantial red-shift of the absorption 
maximum in the visible region, improved the solubility of target 
material and helped to reduce the optical band-gap. Upon testing 
these materials as active layers in OFET devices, hole mobilities 
of the order of 2.2×10-4 cm2/Vs and 7.8×10-3 cm2/Vs were 
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achieved for S10 and S11, respectively. The reported charge-
carrier mobility values for S10 and S11 are promising and 
through further novel design developments, high mobility values 
may be achieved. These results on the effect of donor types on 
electronic properties of D–A–D modular organic materials can 
indeed inform the design of futuristic materials for organic 
electronic applications.  
 
This chapter also demonstrated the use of a common synthon to 
generate D-A-D, A-A-A and D-A-D materials for BHJ 
applications. We observed that BHJ materials based on the 
common synthon showed superior light-harvesting properties 
and enhanced solubility but also showed relatively low 
efficiencies against the parent design incorporating a phenyl 
linking group.  
 
 
 
 
7.4 Directions for future work 
The exploration of the above materials (chapter 2-6) which 
display promising optoelectronic and photovoltaic properties 
179 
 
opens up the way to develop novel motifs based on terminal 
cNDI and DPP functionalities.  
The focus of this research was the development of D-π-A 
materials for BHJ applications. The maximum conversion 
efficiency of ~2.14% reported for D-π-A materials in this work 
is lower than that for other molecular architectures, such as A-
D-A, D-A-D-A-D and D-A-D, reported recently in the literature. 
The overall performance of BHJ solar cells based on small 
molecules is dependent on a number of factors. Two key 
parameters are their nanomorphology and the charge mobility in 
the respective phases. In the field of D-π-A materials, only very 
limited work has been undertaken to characterize or optimize 
these two properties. This raises the question of whether the 
higher efficiencies recently reported for some molecular 
architectures, such as A-D-A, D-A-D-A-D and D-A-D are 
related to their inherent superiority, or related to film formation 
and mobility, or whether further optimization work can help to 
put these new D-π-A materials on par with their peers.  
 
Further systematic studies into the effects of film morphology 
and charge transport properties of small molecule materials for 
BHJ solar cells could help to help to answer this question.  
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Another important aspect to be considered for future work is the 
implementation of various acceptor synthons and π-spacers, 
which have been examined for the D-A architecture, to the 
higher performing architectures, such as A-D-A. This work has 
shown that acceptor synthons such as cyanopyridone and central 
π-spacers such as bridged thiophenes are ideal candidates for 
new architectures. Some possible examples for future study 
include: 
Future BHJ materials: 
1. It would be worthwhile to study the scope of new 
aromatisable and non-aromatisable acceptors based on a D-
π-A architecture.  
 
The design can be elaborated as: 
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2. It would be worthwhile to explore the possibilities of using 
a variety of π-spacers that have been reported for efficient 
polymeric BHJ solar cells. These π-spacers can help to 
improve light-harvesting, stability, solubility and charge 
carrier motilities of the target small molecular D-π-A solids. 
Some examples of central π-spacers are: 
 
 
Proposed future work includes investigation of film blends in a 
variety of solvents, the study of film blend morphologies using 
atomic force microscopy (AFM) and transmission electron 
microscopy (TEM), and the use of varieties of additives in the 
blend solutions. Future studies should also be focused on the use 
of unsymmetrical donor units and incorporation of π-spacers 
between donor and acceptor functionalities. 
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Conclusions 
This work enhances the prospects for the design and 
development of other electron acceptors based on the DPP and 
cNDI functionality that should help realize significant 
improvements in BHJ solar cell device performance. Our 
finding also reveals that changing the design structure can be of 
crucial importance in achieving new organic materials for OPV 
devices such as the small molecule N5, which possesses 
promising optoelectronics properties and has a bright future at 
the leading edge of non-fullerene acceptor research by bridging 
the gap between the research fields of donor and acceptor 
semiconducting materials.  
Based on my PhD thesis work, it is clear that cNDI and DPP 
based systems are likely to contribute to a new generation of 
bio-inspired materials in biotechnology and nanotechnology, 
including high throughput identification screening systems, and 
new energy transduction systems. The importance of cNDI 
functionalised systems can be gauged by their recent use in solar 
energy conversion that requires application of multilayers and 
distance and time dependent study of electron transfer. 
183 
 
Development of cNDI and DPP with the appropriate spacers for 
charge separation will aid the development of molecular systems 
and supramolecular arrays, which are capable of solar energy 
conversion and other photonic applications. Future research on 
these systems may also contribute to major efforts in basic 
research on smart optoelectric nanomaterials that is, according 
to pertinent reports, needed today to meet tomorrow's energy 
demands in a sustainable way.32 
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